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Using a point-contact  Zosephson junc t ion  (J;), 
d i r e c t  frequency measurement of far-IR laser l i n e s  can - be performed by mixing t h e  Nth harmonic of a microwave 
frequency v: 4-A the lase= frequency ' J ~  to produce a 
h a t  s i g n a l  V 
pute: s imulat ion of t h e  JJ 88s revealed an e f f i -  
c i e n t  mode of  fzequency m u l t i p l i c a t i o n  and mixinq. 
Ths is a condi'don wherein the  s e l f  o s c i l l a t i o n ,  
V,,is ?base lo&& t o  a frequency W a ?: LV 2 

P v x  where e, k, and m a r e  in tegers .  The analog 
stu&ies show that t h i s  phase locking can occur  a t  very 
low as well as a t  h igh  l e v e l s  of the external dr ives .  
The r e s u l t  of the  phase lock is an e f f i c i e n t  t r a n s f e r  
of energy in- the V output  s igna l .  A t  least one 
experimental  r e s u l t  nis v e r i f i e d  the  occurrence of 
phase locking t o  d i f f e r e n c e  frequencies .  I t  is  also 
w e l l  known that t h e  optimum bias p i n t s  in mixing 
l i e  betueen the wz s teps .  
Liese r e s u l t s  and t h e  d i r e c t  role played by i n  
mixing experiments has  n o t ,  however, been genera l ly  
recognized. 

such <qat v .~ = v:- Nz. Analog con- 
XF 

kv, L 
J A 

I' 

The in te - re ta t ion  of 

J 

I. INT3ODUCTION AND THE MODEL 

For frequency m u l t i p l i c a t i o n  from microwave f re -  
quencies i n t o  t h e  f a r  i a f r a r e d ,  t h e  poin t  c o n t a c t  
Josephson junc t ion  (J;] is without peer. With this de- 
v ice ,  m u l t i p l i c a t i o n  by 825 has been achieved and a 
lover frequency of 3 .8  ziz has been measured [ l , d . ~ h e  
procedure is ta mix the Nth harmonic of a microwave 
s i g n a l  wi th  t h e  l a s e r  fundamental t o  produce a beat of 
frequency 

(1) "IF = "1 - w 2  

where v, and v2 a r e  t h e  laser and microwave frequen- 
c i e s  respec t ive ly .  However, for l a r g e  va lues  of N 
(say 200 or more), t h e  s i g n a l  at v is small a t  b e s t  
and the p r o b a b i l i t y  of a useable  si?jnal has been peor. 

To understand the e f f e c t s p f  var ious p a m e t e r s  
w e  have performed analog ccmgGter c31 s t u d i e s  of the 
mixing and ha-nic generat ion pmcess .  
has s h o w  t h e  importance of a m o d e  of opera t ion  where- 
i n  t h e  self o s c i l l a t i o n  a t  frequency w 1s a t  
least in te rx : ten t ly  phase locked t o  5requsncy 

I" 

This work 

where e ,  k, and m are i n t e g e r s .  Our claim of phase 
locking is bazed on thz f a m i l i a r  "constant  vol tage" 
s t e p s  i n  t h e  I versus  V c w e  o f  the  ZZ [4 ] .  (me time- 
averaged c u r r e n t  t h o u g h  the junc t izn  is ? and the  
the-averaqed  vol taqe a c r o s s  it is V )  .in t h e  comuuter 
s tc2y - i n  addi t ion  to the  s t e p s  due t o  wl, v and 
the* hamonics  - t h e r e  a r e  s t e p s  a t  values  a? 7 
given by 7 = v J ( h / t e ) ,  where uJ is given by Equation 2. 

The m o d e l  f o r  a low-capacitance point-contact  
junct ion is assumed t o  be Lie simple r e s i s t i v e l y  
shunted JJ as siu~vn i n  Fig. l. That por t ion  of t h e  
JJ represent ing  the  supercurzent ,  I - , i s  given by t?a 

r 

2 P  v k =  - . Since d t  h. = IC sin@; J 
usual tuo equat ions I 
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t h e  junc t ion  noma1 r e s i s t a n c e  is q e n e r a l i y  low con- 
pared to  both t h e  C c  b i a s  impedance ana the micro- 
wave and l a s e r  impedances w e  approxinate  t h e  d r i v e  
as a cons tan t  - r e n t  souzce. The r e s u l t s  obtained 
using t i is  cons tan t  c u r r e n t  m o d e l  are qeneza l ly  i n  
much better aqreement vi:h reai data  far p s i n t -  
contacc junc t ions  than t h e  results obtained using 
a cons tan t  vo l tage  model. For example, :he absolu te  
power of t h e  s i g n a l  a t  V and s a t u r a t i o n  l e v e l s  are IS better predic ted  by t h e  cons tan t  c u r r e n t  model. 
(Thoughout  this ;Irper,  t h e  s-ls I ,  and Iz repre- 
s e n t  t h e  laser and microwave d r i v e  cuk-ents  :espec- 
t i v e l y )  - 

11. BASIC RESULT OF STUDY 

Figure 2 r e p r e s e n t s  the essence of o u r  work and it 
vi11 now be discussed  i n  s o m e  d e t a i l .  I n  t h i s  f i g u r e ,  
peaks in I (I is t h e  spectral camponent of  t h e  

Josephaan c u r r e n t  a: t h e  frequency W ) and s t e p s  i n  
a r e  p l o t t e d  versus  V/V 

JF JIF 
IF  Throughour t h e  paper,  Ref' 

HWZ(h/2e) and vc I R (2e/h)  where IC and R a r e  
VR13f c s  
the junc t ion  cr i t ical  -rent and shunt  r e s i s t a n c e  

IqeF is t h a t  respec t ive ly .  The nozza l iza t ion  f a c t o r ,  
value of I1 which produces +he f i r s t  mi..G of 
J1(B1). h'ero 8, is t h a t  value of I which prof!uces - 1 
t h e  f i r s t  maximmum of J (5  1. Eere 6 is  t h e  argument 

of t h e  Bessel func t ion  of f i r s t  order and zero- t5  kind, 
It  is given by: 

1 1  1 

2s  Il Rs 
- 6, - 

Fig. 1. Senemar'c of r e s i s t i v e l y  shunced Josephson 
junc t ion  dr iven by constant-current  sources .  I1 is 
t h e  l a s e r  d r i v e  c u r r e n t  and 12 is the  microvave d r i v e  
cur ren t .  

The usua l  steps due t o ' t h e  m i c r o w a v e  and laser  
sources a r e  given, r e s p e c t i v e l y ,  by term one and 
t w o  of Equation 2. The t h i r d  t e m  - in combination 
w i t h  one o r  Cie o t h e r  of tie f i r s t  two  t e r n s  - de- 
scribes str?pa that a r e  due t o  tie mixing of *the funda- 
men'al of the l a s e r  wi:h the Nth h a n o n i c  o f  tie a i c -  

The equat ion,  vJ = tu 
t ak ing  all p o s i t i v e  and neqat ive  i n t e q e r  va lues)  de- 
f i n e s  a l l  the  wssiale fzequencies  r e s u l t i n q  from a 
l i n e a r  combination of t h e  d r i v e s  a t  v z  and -J 

Equation 2 can, of course,  be :educd t o  t h i i ' f o m .  W e  
have writ ten Zquatfon 2 sinply t o  conceptual ize  t h e  f z c t  
that  t h e  ind iv idua l  d r i v e s  produce l i n e s  a t  -the same 
f requencies  as t!ey would i f  appl ied  s e p x a t e l y .  The 
simultaneous appl ica t ion  of L?ese t w o  d r i v e s  r e s u l t s  
i n  t h e  o r i g l ? a l  l i n e s  (alsqough they may be r z d i c a l l y  
a l t e r e d  i n  amolitude and j h a s e )  as w e l l  as a d d i t l o n a l  

rowave source. That is, s t e p s  involving v = V l  - :&,. - 
+ hnrl ( w i t i i  Lbe i n d i c e s  5 and k 2 



382 

1 
- 2  - 1  0 1 2 - 

"'"I.+ 

2 .  h a l o g  sinulacion f o r  1; = 1. I.T and T p l o t t e d -  

simultaneously a g a i n s t  G/V 6' f V (h /2e) .Mth  
v e r t i c a l  axes are i n  a r b i t r a ~  unzfi .  fRef 
i n  tut. ?he fol lowing l ist  d e f i n e s  t h e  zi-equcncies 
( a c t u a l l y ,  t h e  va lues  of V) assocfa ted  w i t h  each of t h e  
let ters i n  t h e  f igure :  a = V a - V 

r - V  + v  b = 2WIF, b0 .) -2V IF# c = v2 -vn8 ca 

d = v2 and V1 -VII, d' = - V and -V + V 

e = v l a n d v  2 + V  IF' e ' = - V l a n d - V  2 - V  IF' 

' f = V1 + VTr and V2 + 2vrF, f- * - V 1 - V p and 

is def ined  R e f  R e  

IF' IF' 
2 IF' 

2 1 IF'  

- V, - 2VIF8 4 31 2V2 + Vp and 2vl - VIF, 9- 
L 

2 - 2V 

IF' -v 

l i n e s .  Cne f i n a l  po in t .  There a r e ,  of course,  no nega- 
. t i v e  f requencies .  A l l  t h e  lines a t  negat ive  va lues  of 
i7/vapf merely r e p r e s e n t  the f a c t  t h a t  phase locking 

can - and does  - occur  a t  nega t ive  va lues  of y. 
Fig.  2 the  major peaks of I have been i d e n t i f i e d .  

For example, t h e  peak a t  V/VRef corresponding to  t h e  

frecpency 2vL + vIP (line h)  is obtained w i t 5  

L = 0, k = 2 (and p l u s  s i g n ) ,  and m = 1 (and p l u s  
s i g n )  i n  Equation 2. I t  can also be seen that  
degeneracies  a r e  a p s s i b i l i t y  such as v 
v2  (line d ) .  

One a s p e c t  of t h i s  degensracy is that t h e  I 

peaks can be q u i t e  small where one micjht expect  :%n 
to be f c i r l y  la rge .  For ewmple,  tha t w o  l a r g e s t  s t e p s  
i n  the  I - 7 curve ( o t h e r  than the  zero-th s t e p ) ,  
which OCCUT a t  V/VRef of about - 1.3 and + 1.3, corres- 
pond t o  l i n e s  e'(-vl, - v2  - vIF1 and e (+w 

:espectively.  The IF peaks here  are a t  l e a s t  weak i f  
no+ missinq. an t h e  o t h e r  hand, t h e  degeneracies  
labe led  l i n e s  d'( -v2, Y + v and d (v2, v L  - v,) 

corr=s?ond t o  larqc I? peaks. These t w o  cases apgear 
t 5  be explaized by noting t h t  i n  t&e case of t h e  
s i s j i c g  peaks the  s t e p s  i n  t9e i - 7 1  curve a:e due al- 
zcsz cnt i=r?ly to tbc r a t h e r  Large d r i v e  a: 
' JL(i7/Iqef  = 0.34). W e  ints-?ret t h i s  t o  mean t h t  iaost 
at --.?e s p e c t r a l  conten t  of i 

i t s  harmonics. In t h e  o t h e r  case ,  the  terms having t o  
do .iiC:? j u s t  t t e  e x t e r n a l  d r i v e  (-.?-, *J 1 a r s  weak and 

s q x i f i c a r i t  p a r t  of the  suprz=urrent  appearing i n  the 
.J?? c x w n c n t .  I n  o t h e r  analog la ta  (not  shown1 w e  

have Sean t h a t  these  two c a s e s  a r e  reversed by changinq 
c..c r e l a t i v e  s i z e s  of the  two dr ives .  

and - 2V1 + VxF, h = 2V1 + V IF 

I n  

- JIF 

1 - vIF and 

I' *2 *IF) 

I IF 

is confined t o  v1 and J 

2 .' -22 other t e n s  ( - + J ~  + L I ~ ~ B ~ Z ?  ' J ~  - 3 E.) r e s u l t  i n  a 
I. 

_ _  
- A  

This  i n t e r p r e t a t i o n  of t h e  r e l a t i v e  sizes of I 
peaks i n  the presence of degeneracy is c o n s i s t e n t  JIF 
with p o i n t s  3 and 2 of t h e  low-tenperature d a t a  i n  
Sec t ion  111. With r e s p e c t  to t h i s ,  i t  should be noted 
t h a t  for most d a t a  vLfvVL > 3 so t h a t  t h e  degeneracies  

(of &-order) t h a t  caused 'he missing peaks in Fig.  2 
d o n ' t  occur.  I t  should also be noted t h a t ,  d e s p i t e  the 
complexity of Fig.  2 ,  t h e  nuclerical va lues  o f  e ,  k, and 
m are always small - never  more than 2. That is, low- 
order  p r o c s s e s  dominate as one would expect. A study 
of a d d i t i o n a l  anzlog d a t a  (zot shown) irdicates that 
t h e  r e l a t i v e  h e i g h t s  of t h e  v a r i o u s  peaks a r e  s t r o n g l y  
inf luenced by the  r e l a t i v e  s izes  of the two ac d r i v e s .  

111. CONPRRISON OF C O N P i i i X  S I W L A T I O N  AND 
LocJ-TEI.IPSRATURE DATA 

Computer Resul ts  

There a r e  ZFve basic f e a t u r e s  of? t h s  computer s b u -  

Peaks i n  t h e  intermediate- frequency power, 
PIP, occur at values  of V carrespanding to 
the  f r squencies  v 
except as discussed  i n  Sec t ion  XI. 

?fulls i n  PIF occur f o r  V valuea corrcspand- 

ing to  v 

except  as discussed  i n  Section 11. 

IF' - t tu2 t )cvl 2 mv J 

c 

= 2u2 and v J  = hl, J 

PIP s a t u r a t e s  f o r  laser p o w e r  l e v e l s  con- 

s i d e r a b l y  less than p r e d i c t e d  by the constant-  
vo l tage  model. 

PIP increases  l i n e a r l y  uith Plaser for  small 

values  of P l a s e r '  

As N increases ,  t h e  peaks i n  PI= versus  V - 
i n  between an ad jacent  p a i r  of zticrowave 
s t e p s  - become smaller. The background l e v e l  
betveen t h e s e  j e a k s  i n c r e a s e s  wi th  N and the 
r e s o l u t i o n  of t h e  i n d i v i d u a l  peaks becomes 
more d i f f i c u l t .  

Low-Tcmoerature Toint-Contact JJ Resul t s  . 

The data on frecr,lency m u l t i p l i c a t i o n  with JJ's taL1 
roughly i n t o  two ca tegor ies :  f i r s t ,  N values  i n  tho 
rang@ 1 t o  12 [5,6,7,3], Second, N ' s  from about 50 
t o  825 [ 1,2,9,10] . 

In  t h e  second category,  i n f o r s a t i o n  sbo=t the 
dependence of ?,, on var ious parameters i s  imprecise 

c a t e q o i i e s  sugport  all t h e  p o i n t s  below. 

PIF maximizes a t  11 values  between chose 
- 

I-- - 
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I 

opthnum when-it maxinizes tfre ?Ith .?ricrowave 
s t e p  i n  the  I - V Curve [7] .  

( 4 )  PIP i nc reases  l i n e a r l y  wi th  P fo r  laser 
0.1 2 [ 6 , 7 ] .  

'Laser w 
( 5 )  For N va lues  beyond about  10 there is only  

one broad maxi" i n  ? between nicrovave 
s t e p s  [?I. 

Reference 7 (N - 9 and 12) found that there was 

IF 

an optimum b i a s  p o i n t  betweon any one p a i r  of 
s t e p s ,  that t he re  w a s  a b e s t  bias ,mint, and t h a t  t h e  
hannonic nusber i n f luences  between which p a i r  of s t e p s  
it OCCUES. Fu r themore ,  for s t e p s  beyond t h e  6ti1, the 
size of the adxima decreased s i g n i f i c a n t l y .  The analog 
results show -&e same c p a l i t a t i v e  dependence upon har- 
inonic nunber. 

The, phase locking  in t e r? re t a t ion  is strengthened 
by oke i n s t ance  of d a t a  wherein steps appeared i n  the 
I - V curve  i n  accordance with Equation 2. In Refer- 
ence 5 ,  a point-contact  JZ was i r r a d i i t o d  wi th  a 6: 
PI._ d ~ -  and a 5 2  CiIz k lys t r an .  S:P?S i n  :he i - V cur'r'e 
(t!!eir Fig. 4 )  c l e a r l y  appear i n  p o s i t i o n s  at ieast 
q u a l i t a t i v e l y  i n  agreement w i t 3  Equation 2. Steps  
c o r r e s p n d i n g  t o  a va lues  as high  as 2 a r e  v i s i b l e .  
Unfortunately,  no P d a t a  w i t h  v = 8 GHz were taken. IF fF 

- 
- -  

I l l  

IV. FURTHER DETAI'S OF .VIACOG RESULT5 

!, 

D a t a  were t&en o f  I versus  7 with  Il and 
'IF N as parameters. The X value  studied were 1,3, and 10. 

Practical  l i d t a t i o n s  of t h e  analog s imula tor  preven- 
ted u s e f u l  a n a l y s i s  f o r  N va lues  inuch a h v e  10. For  N 
values  of 1 and 3 t h e  b igges t  maxi" i n  i occurs  

f o r a  * 0, k =a ,?  = + 1 ( i . e . , t  =vIF) i n  Equation 2. 

The data discussed below w e r e  taken under that condi- 
t i on .  In t h i s  sec:ion the following cond i t ions  hold: 

JIp 

:J = 1; V I  / v  = 3-23, v2;vc - 3.10. 17 = 3: V I  Nc = 

3 . 3 8 ,  vZ/vc = 1-03. N = i o ;  vl/vc = 3.23, v2/vC = 

0.310. For a l l  cases, tpe n o m a l i z e d  bandr id th  of  the 
spectrum analyzer  w a s  1 x 10-3. 

For N = 1 ve c o n s i s t e n t l y  observed t:%t there 
w a s  a range of V over  which IJ 
?e& w i t h  a s i n g l e  m a x + u n .  (THZ d a t a  of Fig. 2 s u f f e r  
from Lle f a c t  t h a t  the V range w a s  sweat too  f a s t  for 
a c o q l e t e  r e s p n s e ) .  Outside t h i s  range - bu t  s t i l l  
between e = 0 and E. * 1 - t h e  ou tpu t  of t h e  spectrum 
analyzer  w a s  r a t h e r  uns tab le .  In s ide  t h e  range i t  w a s  
q u i t e  s t a b l e .  

exh ib i t ed  a smooth 

For each va lue  of N and I1 t h e r e  is a maximum i n  

IJ wi th in  a rango, of s i m i l a r  to  e a t  discussed ' 

above. Figure 3 shows these  mxir.a versus  I 

the  outaut w e  wish to d e t e c t  is ac  vIF, energy is 

contained - of ton  of s i q n i f i c a n t  nagnitude - i n  nany 
o t h e r  s p e c r a l  l i nes .  i n  genera l ,  ihere are s p e c t r a l  
c m 9 o x n c s  3: i h e  F u c 3 m e n c a l s  an2 narnonics of aacn 
Cf :h= t5r.e kc;;.~er!cic-; W I T ,  ' J l  2nd v.,. 

each of these  l i n e s  Produce s m  and d i f f e rence  fre- 
p e n c i c s  .=it?. e x h  of t h e  ocher liiles. O p e r a t i n g  i n  
:he Thare-Lxkzd m o d e  iic have exzmiiled :his soectzu., 
versus 11, I:, and N. The l i n e s  of siq:iifica:it 

.s:r~:qt:7 J:E restrict?.? fa l c w  orders of 5 a r c n i c  
:er!eri:ion 2nd zt1xir.q. ?icvcrtlicic-ss, t ! ~ c  s p r z t r u .  bss 
a vcr-: l d y e  r im ,%r  of incense l inss.. pig.  4 si;ovs a 
:yFicsl ?;sccz?u? when phase loci:ed. !!ere, ' J  

I2/IPaf ': 1.0 .?rid :,,'I 

IF 
1' 

This b r ings  us t o  another  b a s i c  poin t .  Althouqh, 

i;l acdicion, 

J * ''17' 
= 0 . 2 3 .  

.I_ - 2 C f  

I l l ,  

5 f  

// 0 N . 1 :  v , / v c ' 3 . 3 8 .  vz/vc*3.10 

i A x.3; v , / v c = 3 . 3 a .  V Z / V t . l  .o3 

0 . I  .z . 3  
*l'*Ref 

-. :I:. 3 .  The xa-xi ius  values  of Ij IC versus  I. w i t h  !I as 
3a:amoter. 

2 

1 

W 

F i g .  4 .  R e  m a j o r  Lines i n  the  spec t rua  of t he  2osephs 
cu r ren t .  Spectrum taken under phase-locked condict ion 
v i ch  uJ = wIF. 
€unct ions  t o r  s i n p l i c i t y .  

Her2 N = 3, and l i n e s  shown as d e l t a  

What de t e rn ines  whether t h e  va r ious  ge&s i n  a 
? L o t  such as Fig. 2 can be resolved? factors: Cne 
is t h e  N value  and t h e  o t h e r  is t h e  no i se  of t h e  a c  
sources  and the  dc  bias. The PI va lue  is i npor t an t  Se- 
c a s e ,  a s  N i nc reases ,  t he  spectrum saroads o u t  and 
t h e  f r a c t i o n  of  t h s  supercur ren t  t h a t  goes i n t o  i 

decreases .  IS the a c  d r i v e s  and the  dc o i a s  are 
noisy  t h i s  w i i l  adversely effec: t h e  ?kse  lock  [E] . 
!loise i n  the  lover  frequeccy d r i v e  ( ' J z )  is par t i cu -  
larly dst=-mincal because - the degradat ion inc reases  
r a p i d l y  ;rizh increas ing  :I 112 1. 

JIF 
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This frequency dependences of  dc, VI, V2, and V IF. 

c a l c u l a t i o n  shzwad-phase-locking f e a t u r e s  such as 
s t e p s  
d i d  n o t ,  however, g i v e  u s e f u l  estinates ( i - e . .  i n  
agreement wi th  t h e  s imula t ions)  of I 

N 0 1. Perhaps t h e  
c o n t r a s t e d  with the d a t a  of Figura 4 v i 1 1  p o i n t  t h e  
way to a b e t t e r  approach. 

i n  t h e  I - V curve according t o  EQcation 2. It 

even f o r  

assumptions ofJ&s c a l c u l a t i o n  

V I .  CONCLUSIONS 

The analog s imula t ion  shows that the phase locked 
mode of opera t ion  is quite important a t  low v a l u e s  of 
N. The l i m i t e d  d a t a  a v a i l a b l e  wi th  actual JJ's a t  l o w  
N sugges ts  t h a t  this is. i n  f a c t ,  how the JJ's have 
been operated.  S ince ,  wi th  the analog simulator, no 
other e f f i c i e n t  mode of opera t ion  has  been found, w e  
presume that phase locking - at least i n t e r m i t t e n t l y  - 
a p p l i e s  even a t  l a r g e  N values .  
e f f i c i e n c y  of  the phase locking process  the noise  on 
t h e  ae acd dc d r i v e s  should be  m i n h i t e d .  
d e d i t i o n ,  i t  may be p o s s i b l s  to resonate  the e x t e r n a l  
c i r c u i t r y  i n  which t h e  JJ is placed so that the spec- 
trur? of IJ is m o d i f i e d .  

To increase t h e  

In 

Modif icat ions may bo poss ib le  
result i n  f o r c i n g  more energy i n t o  I, . 
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